Influence of power ultrasound on ice nucleation of radish cylinders during ultrasound-assisted immersion freezing by Xu, Baoguo et al.
Accepted Manuscript
Influence of power ultrasound on ice nucleation of radish cylinders during ultrasound-
assisted immersion freezing
Baoguo Xu, Min Zhang, Professor of School of Food Science and Technology Dr.
Bhesh Bhandari, Xinfeng Chen
PII: S0140-7007(14)00187-X
DOI: 10.1016/j.ijrefrig.2014.07.009
Reference: JIJR 2834
To appear in: International Journal of Refrigeration
Received Date: 12 May 2014
Revised Date: 5 July 2014
Accepted Date: 12 July 2014
Please cite this article as: Xu, B., Zhang, M., Bhandari, B., Chen, X., Influence of power ultrasound on
ice nucleation of radish cylinders during ultrasound-assisted immersion freezing, International Journal of
Refrigeration (2014), doi: 10.1016/j.ijrefrig.2014.07.009.
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 1 
Influence of power ultrasound on ice nucleation of radish 
cylinders during ultrasound-assisted immersion freezing 
Baoguo Xu a, Min Zhang a*, Bhesh Bhandari b, Xinfeng Chen a 
a State Key Laboratory of Food Science and Technology, Jiangnan University, 214122 Wuxi, 
Jiangsu, China 
b School of Agriculture and Food Sciences, University of Queensland, Brisbane, QLD, Australia 
 
*Corresponding author: Dr. Min Zhang, Professor of School of Food Science and Technology, 
Jiangnan University, 214122 Wuxi, P. R. China. 
 Tel.: 0086-510-85877225; Fax: 0086-510-85877225;  
E-mail: min@jiangnan.edu.cn 
  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 2 
Abstract: The effect of ultrasound-assisted immersion freezing on the dynamic 
nucleation of ice and the delay from ultrasound application onset to nucleation 
commencement of radish cylinder samples were studied. The samples were frozen in 
30% (w/v) CaCl2 solution (−20 °C) in an ultrasonic bath system. To evaluate 
nucleation, ultrasound irradiation (20 kHz) was carried out with different durations (0 
s, 3 s, 7 s, 10 s or 15 s), onset temperature (-0.5, -1, -1.5 and -2 °C) and intensities 
(0.09, 0.17, 0.26 and 0.37 W/cm2). The results showed that ultrasound irradiation was 
able to induce nucleation and the nucleation temperature of radish cylinder samples 
exhibited a good fit to linear equation with the ultrasound irradiation temperature 
under 7 s duration and 0.26 W/cm2 intensity. Ultrasound irradiation temperature at 
-0.5 °C for 7 s duration with intensity of 0.26 W/cm2, was an optimal ultrasound 
application conditions for the nucleation inducement of radish cylinder samples. The 
results of the current study implied that ultrasound offered promising application to 
control the crystallization process in freezing of solid foods.  
Key words: Power ultrasound; Nucleation; Immersion freezing; Radish cylinders 
 
1. Introduction 
Radish (Raphanus sativus L.), belonging to the Brassicaceae family, is an 
important worldwide root vegetable crop, especially in East Asia, due to its wide 
adaptation, high yield and abundant nutritional content (Lu et al., 2008). However, 
fresh radish has a limited shelf-life. Freezing is a well-known preservation technique 
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to maximize the shelf life and preserve the quality of food products (Awad et al., 2012; 
Kiani and Sun, 2011).  
It is well-known that water transformation into very small ice crystals preserves 
the food structure during freezing process. Crystallization is a phase transition 
phenomena occurring during the freezing process which progresses through two steps: 
the formation of nuclei (namely nucleation) and subsequent growth of the nuclei to a 
specific crystal size, orientation and shape (Kiani and Sun, 2011). The nucleation, 
which strongly influences the morphology, size and distribution of ice crystals, is 
considered as a critical factor for the optimization of freezing industrial processes 
(Nakagawa et al., 2006; Petzold and Aguilera, 2009). To initiate the nucleation, the 
water needs to be supercooled below the freezing temperature. Meanwhile, since the 
nucleation is more energetically demanding than crystal growth and has a remarkable 
influence on the crystallization rate, lots of new approaches have been developed to 
explore the nucleation behaviors of water. Among these approaches, 
sonocrystallization, which is the use of power ultrasound to control the crystallization 
process, has proved to be very useful, because it can enhance both the nucleation rate 
and the crystal growth rate (Delgado and Sun, 2011). However, the temperature at 
which nucleation takes place is uncertain due to the fact that it occurs spontaneously 
and stochastically, implying that nucleation possesses probabilistic nature. Therefore, 
a method, which can control the nucleation phenomena and change its stochastic 
behavior into a repeatable and predictable manner would be valuable and favorable 
for the food freezing industry (Kiani et al., 2011). 
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Ultrasound is defined as the energy generated by sound waves of frequencies 
above the human hearing, from 16 kHz up to the MHz range (Awad et al., 2012; 
Comandini et al., 2013; Mason et al., 2003; Schössler et al., 2012). Power ultrasound, 
in particular, a kind of ultrasound wave with frequencies in the range from 20 to 100 
kHz and high sound power or sound intensity (generally higher than 1 W/cm2) has 
been addressed as a novel technique to improve the freezing and crystallization 
processes (Chang et al., 2012; Delgado et al., 2009; Fernandes et al., 2008; Fonteles et 
al., 2012; Guan et al., 2011; Kiani et al., 2012b; Mason, 1998). Many scientists had 
reported that the nucleation of water can be induced by irradiation of power 
ultrasound waves. Chow et al. (2003; 2004; 2005) reported that ultrasound irradiation 
showed its ability to initiate nucleation in supercooled aqueous solutions. Saclier et al. 
(2010) and Ruecroft et al. (2005) reported that power ultrasound was employed to 
trigger nucleation in industrial crystallization processes of organic molecules. 
Therefore, the power ultrasound used to manipulate nucleation and improve the 
repeatability of the process can be a promising method.   
Some literatures had focused on the mechanism of ultrasound induced nucleation 
of immersion freezing. Kiani et al. (2011) investigated the ultrasound assisted 
nucleation of some liquid and solid model foods during freezing. They indicated that 
the Hickling's theory was not adequate to describe the ultrasound-assisted nucleation 
and secondary phenomena (such as flow streams) were also important for the 
initiation of nucleation. Kiani et al. (2012a) also reported the effect of power 
ultrasound on the nucleation of water during freezing of agar gel samples in tubing 
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vials and indicated that ultrasound irradiation was able to initiate nucleation at 
different supercooling temperatures in agar gel if optimum intensity and duration of 
ultrasound were chosen. Delgado et al. (2009) reported that different ultrasound 
treatments, including ultrasound exposure time and applications/intervals on apple 
cylinders, had some evidences on the stimulation of primary nucleation. However, 
due to the probabilistic occurrence of the nucleation temperature, the exact 
mechanism of ultrasound induced nucleation remains uncertain. 
The aim of the present research is to investigate the effect of ultrasound waves 
on the nucleation of water in radish cylinders at different supercooling temperatures 
with different power intensities and irradiation durations. Studying the effect of 
ultrasound on the nucleation of water in radish samples can be valuable for the 
investigation of the nucleation mechanism in complex food systems. 
2. Materials and methods 
2.1. Raw Materials  
Fresh radishes (90.7% w/w moisture content, wet basis) in this study were 
purchased from a local supermarket. They were washed and cut into radish cylinders 
measuring 2.5 cm diameter and 3.0 cm high using a regular steel mold. The radish 
cylinders were kept in a refrigerator at a temperature of 4 °C to achieve uniform initial 
temperature until measurements were taken and used up within 2 days. Moisture lost, 
water or solute uptake during this period was considered to have little effect. 
2.2. Experimental Apparatus  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 6 
A laboratory scale experimental set up for this research was developed in Ningbo 
Scientz Biotechnology Co., Ltd., China, which specialized in the production of 
different ultrasonic equipment. A schematic diagram of the freezing equipment used 
for this work is shown in Fig.1. The freezing equipment consists of the following 
eight basic sections: (1) a stainless steel freezing set up with a length of 150 cm, a 
breadth of 65 cm and a height of 65 cm (freezing tank: 30 cm × 22 cm × 26 cm). The 
outer walls of the freezing tank were wrapped with insulation material to minimize 
heat transfer from surrounding during freezing process; (2) six transducers evenly 
located at the bottom of freezing tank and possessed a maximum power of 300 W;  
(3) a refrigeration system having one compressor (Model TFH2511Z, Taikang 
compressor Co., Ltd., France) and a plate heat exchanger; (4) 30% (w/v) CaCl2 
solution was used as the freezing medium; (5) a freezing medium circulatory system 
possessed a pump to sustain the temperature uniformity of freezing medium; (6) a 
temperature control system contained three type K thermocouples having 0.5 mm in 
diameter and accuracy of ± 0.1 °C with a data logger connected to a PC to measure 
the temperature; (7) a sample cage made by a thin wire so as to fix the sample at the 
same position. (8) a control system of ultrasound to control the ultrasound power and 
ultrasound applications/intervals. (9) a control panel (Model SB-400, Ningbo Scientz 
Biotechnology Co., Ltd., China) to control the refrigeration system and the 
temperature of tank. 
2.3. Intensity measurement  
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Power ultrasound was dissipated to the freezing medium from the bottom of the 
tank with a relatively fixed operation frequency of 20 kHz. Variable output power 
could be applied in the range 0–300 W, thus the ultrasonic energy dissipated to the 
freezing medium could be continuously adjusted. Because of the energy conversion 
and losses, the actual ultrasonic power dissipated into the medium was lower than the 
nominal output power (Li and Sun, 2002).  
The actual ultrasound intensity employed to the solutions was measured by the 
calorimetric method by recording the increase in temperature against the time using a 
K-type thermocouple. The following equation was employed to calculate the 
dissipation power (Cheng et al., 2014):  
      
where P represents the actual power dissipated (W), M is the mass the water (kg), 
CP is the specific heat (J kg-1 oC-1) and dT/dt is the temperature increase rate (oC s-1). 
Then the ultrasonic intensity (W/cm2) were determined by dividing the ultrasound 
power by the cross sectional area of the bottom of the vessel. Calculated ultrasound 
intensities could be adjusted from 0.09 W/cm2 to 0.37 W/cm2.  
2.4. Freezing procedure 
  For the freezing process, the ultrasonic tank was filled with 30% (w/v) CaCl2 
solution (10 L) as freezing medium, which was cooled to the desirable temperature. 
The temperature was set up to reach an average solution temperature of −20 °C for all 
the experimental runs. 100 ± 0.5 g of prepared radish cylinder samples (per batch) 
were put into the tank randomly. One of those radish cylinders was chosen to put into 
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a thin wire cylindrical cage with diameter 8 cm and height 5 cm. Immediately, they 
were immersed in the freezing solution at the fixed chosen location in the tank. The 
on-line temperatures of the chosen radish cylinder was monitored using a digital 
thermometer (UT325 thermometer, Uni-Trend Technology Limited, Dongguan, China) 
and thermocouples (type K, 1.0 mm diameter, with an accuracy of ±0.1°C). The 
needle probe was put into the cage beside the radish cylinder to measure coolant 
temperature and another probe was inserted into the geometric center of the radish 
cylinder to measure the sample temperature. The flow rate of the freezing medium 
circulation was set at 1 L/min. The cooling rate of all the samples was considered 
same, because the temperature of freezing solution and dimension of the samples were 
kept constant.  
Ultrasound was applied with different ultrasound intensities (0.09, 0.17, 0.26 or 
0.37 W/cm2) at different ultrasound application onset temperatures (-0.5, -1.0, -1.5 or 
-2.0 °C) for different application durations (0, 3, 7, 10 or 15 s). The different 
ultrasound application onset temperatures were chosen within the range from 
nucleation temperature of control radish cylinder sample to the freezing point 
temperature of pure water. The freezing process was monitored precisely with the 
type K thermocouples and the freezing curves were obtained. The nucleation 
temperatures and the lagging time between the onset of ultrasound irradiation and the 
commencement of ice nucleation were obtained from the freezing curves recorded. 
The experiments were performed at least in triplicates. 
2.5. Statistical analysis 
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The software of SPSS System (Version 20.0; Chicago, IL, USA) and OriginPro8 
(OriginLab Co., Northampton, USA) software were employed and ANOVA 
procedure, mean comparison test and regression analysis were performed for 
statistical analysis. 
3. Results and discussion 
The nucleation temperature was the lowest supercooling temperature, reached by 
the sample during the cooling phase, without ice formation. From Fig. 2, the radish 
cylinder samples, frozen without ultrasound irradiation, nucleated in a range of 
temperature centering at -2.8 ± 0.6 °C with the operative conditions used in this 
investigation. Some researchers have reported the nucleation temperature of 
mushrooms L. edodes (-3.2 ± 0.13°C), A. bisporus (-1.96 ± 0.56 °C) and P. eryngii 
(-4.15 ± 0.24 °C) (Islam et al., 2014), Strawberry (Fragaria×ananassa Duch.) (-3.14 ± 
0.39)(Cheng et al., 2014) and apple (Malus × dome stica)(-2.7 ± 0.4 °C), respectively 
(Delgado et al., 2009). The nucleation temperatures of different solid materials were 
different. This was because the system of fruits and vegetables were complex, 
containing different content of air, carbohydrate and some other components which 
probably acted as ice nuclei and resulted in the different nucleation temperatures.   
As can be seen from the reported studies, every standard deviations of nucleation 
temperature were extremely high; this was due to the variability of the food matrix 
and the unknown factors involved in ultrasound assisted freezing of vegetable food 
(Comandini et al., 2013). From these large deviations, it was assumed that nucleation 
occurred in a range of temperature and nucleation temperature cannot be predicted 
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precisely. Thus, the effect of ultrasound to induce nucleation at a desired temperature 
was studied in this research which was described in the following sections. 
3.1 Effect of ultrasound application onset temperature on the nucleation  
Fig. 3 shows the effect of ultrasound irradiation (0.26 W/cm2 for 7 s) triggered at 
different onset temperatures on the nucleation temperature and the delay of radish 
cylinder samples. The nucleation temperatures induced by ultrasound at different 
onset temperatures were higher than the control samples (Fig. 3a). The nucleation 
temperature was higher at higher ultrasound temperature, while at lower ultrasound 
temperatures, the nucleation temperature became lower. The highest ultrasound 
temperature (-0.5 °C) achieved the highest corresponding nucleation temperature 
(-1.6 °C). Apparently, nucleation occurred inevitably only at a short delay after the 
application of ultrasound at those four different ultrasound temperatures. All the 
results showed that ultrasound can trigger nucleation in radish cylinders, as it did in 
water, some fluid samples, solid model food samples and solid food samples (Chow et 
al., 2003; Chow et al., 2005; Chow et al., 2004; Inada et al., 2001; Kiani and Sun, 
2011; Kiani et al., 2012a; Cheng et al., 2014; Islam et al., 2014). The observation in 
present study confirmed that the ultrasound-assisted nucleation can apply to both fluid 
and complex solid vegetable samples. 
Statistical analysis showed that there existed a linear relationship (R2=0.96) 
between ultrasound application onset temperature and nucleation temperature (Fig. 
3b). As previous analysis, nucleation was a stochastic phenomenon. Nevertheless, the 
ultrasound application resulted in the commencement of nucleation around the 
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ultrasound temperature with repeatable results. Therefore, it can be implied that the 
commencement of nucleation for radish cylinder samples was effectively facilitated 
by ultrasound irradiation. Fig. 3c indicated that delays from the onset of ultrasound 
irradiation to the commencement of the nucleation were between 10 s and 22 s, when 
7 s duration of ultrasound irradiation was applied. It should be noted that the 
effectiveness of ultrasound to induce nucleation was improved at lower temperatures 
due to the fact that shorter delays were observed. Thus, there was a synergetic effect 
between the extent of supercooling and ultrasound on nucleation.  
In recent investigations (Kiani et al., 2012a; Kiani et al., 2011), the capacity of 
ultrasonic waves to induce dynamic nucleation in liquid (deionized water and sucrose 
solution) and solid (agar gel samples) model foods was studied. The results indicated 
that ultrasound was able to induce nucleation in model food and a linear relationship 
between ultrasound irradiation and nucleation temperatures was found. Only short 
delays (3-6 s) from the onset of ultrasound irradiation to the beginning of the 
nucleation were observed. Comparing with the present study of radish cylinder 
samples, the linear relationship among these studies was similar, but great difference 
existed on the delays between the present study (10-22 s) and reported study (3-6 s). 
This was due to different materials; the reported mentioned study was on liquid and 
model foods, while the present study was on more complex radish samples. Different 
compositions and structure of the materials would result in different delays.  
Results obtained in this work indicated that ultrasound could be regarded as a 
powerful tool to increase the nucleation temperature and improved the freezing 
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process. Additionally, the power ultrasound could be considered as a mean to 
manipulate nucleation and improve the repeatability of the process. However, when it 
came to the mechanisms of ultrasound induced nucleation for the radish cylinder 
samples, there was no entirely appropriate theory that would elaborate it satisfactorily. 
For the mechanisms, the first and the most commonly cited theory was developed by 
Hickling (Hickling, 1965). The violent collapse of a bubble during transient or 
repetitive transient cavitation (very short, nano-seconds) was a cataclysmic event 
–local zones of extremely high pressures could be generated (70–100 MPa) resulting 
in supercooling of the solution; Supercooling effect could act as a driving force for 
instantaneous nucleation (Inada et al., 2001). Therefore, in theory, nucleation might 
occur immediately after the collapses of cavitation bubbles. However, the delays 
obtained in the present study indicated that the Hickling theory was not the only 
mechanism which can illustrate it clearly. 
Meanwhile, Zhang et al. (2003) suggested that flow streams, which resulted from 
the motion of the bubbles, were probably the secondary cause of nucleation. Chow et 
al. (2005) also indicated that ultrasound induced nucleation was not necessarily 
caused by the bubble collapses, but bubble movements could also induce nucleation. 
Nevertheless, a large number of researches investigating the nucleation phenomenon 
induced by ultrasound irradiation employed fluid samples. To verify whether the 
mechanism of flow streams can play an important role on the nucleation in radish 
cylinder samples or not, more investigation is needed to be carried out. Overall, the 
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mentioned mechanisms contribute to explaining the effect of ultrasound to induce 
nucleation. 
3.2 Effect of ultrasound irradiation duration on the nucleation 
It had been proved that long ultrasound irradiation duration to samples can lead 
to heat generation in the sample affecting the nucleation behavior. Some of these 
samples reported included solid agar gel model samples (Kiani et al., 2012a), potato 
samples (Li and Sun, 2002), apple samples (Delgado et al., 2009), and so on. In the 
present study on radish samples, Fig. 4 showed the effect of ultrasound irradiation 
(0.26 W/cm2 at -0.5 °C) for different ultrasound durations on the freezing curve and 
the coolant temperature variation. The irradiation temperature (-0.5 °C) was chosen 
due to the fact that it was high enough for the nucleation temperature to become 
considerably variable and unpredictable. From the Fig. 4a, the ultrasound duration for 
3 s had a slight influence on the nucleation temperature (-2.2 °C). This was because 
ultrasound irradiation duration for 3 s was not long enough for the commencement of 
nucleation in radish cylinder samples. When the irradiation duration increased to 7 s, 
the nucleation temperature had a significant change (-1.6 °C) and was highly 
repeatable (Fig. 4b). In addition, no obvious fluctuation of the coolant temperature 
near the samples in the cage was observed, which can be justified with the fact that 
ultrasound duration of 7 s did not generate too much heat to disrupt the nucleation. It 
was implied that ultrasound for 7 s was just enough to induce nucleation. 
As can be seen from Fig. 4c and d, longer irradiation durations of 10 and 15 s 
were also studied. Nevertheless, there was no remarkable difference on the nucleation 
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temperature between those two durations. Nucleation temperatures (-2.3 and -2.4 °C) 
for those two durations (10 and 15 s) were lower than the 7 s treatment (-1.6 °C), 
while they were almost as high as the control samples (-2.6 °C). This suggested that 
too long ultrasound durations could not significantly affect the nucleation temperature. 
Meanwhile, obvious increase of coolant temperature was observed from the curve, 
especially for the 15 s irradiation duration. It was well known that ultrasound 
irradiation produced heat as a result of cavitation (Li and Sun, 2002). The heat 
produced by ultrasound irradiation could have a negative effect on the nucleation, 
which, in some cases, caused further ultrasound assisted nucleation to vanish.  
3.3 Effect of ultrasound irradiation intensity on the nucleation 
From Fig. 5a, with the increasing ultrasound irradiation intensity, the nucleation 
temperature increased firstly, and then decreased with an increase in ultrasound 
irradiation duration. Meanwhile, for different ultrasound irradiation durations, the 
variation of nucleation temperature can be categorised into two situations; irradiation 
at the intensities of 0.09 and 0.17 W/cm2 caused the nucleation to be decreasing linear 
with an increase in treatment durations, while the nucleation temperature increased 
firstly and then decreased under the intensities of 0.26 W/cm2 and 0.37 W/cm2. 
Significant differences (p<0.05) of nucleation temperature under different ultrasound 
durations with different ultrasound intensities were also observed from Fig. 5a.   
When the ultrasound irradiation duration was 3 s, the relatively lower ultrasound 
irradiation intensities (0.09 and 0.17 W/cm2) even did not cause the nucleation to 
occur. In addition to this, the delays were long from Fig. 5b. This was attributed to the 
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fact that levels of intensity for 3 s duration were not strong enough to induce 
nucleation. Moreover, when the ultrasound irradiation was 15 s, the nucleation 
temperature was close to the control sample at the relatively higher ultrasound 
irradiation intensities (0.26 and 0.37 W/cm2). At the same time, the delays were also 
very long from Fig. 5b. This was because levels of intensity for 15 s duration were 
strong enough to generate too much heat which disrupted and postponed the 
nucleation.  
In contrast, the nucleation temperatures observed for the treatments with 
intensities of 0.09 W/cm2 for 15 s duration, 0.17 W/cm2 for 10 s duration, 0.26 W/cm2 
for 7 s duration and 0.37 W/cm2 for 7 s duration were relatively higher, while the 
delays for those treatments were shorter. It can be implied, from these results, the 
ultrasound irradiation duration and intensity both strongly affected the nucleation 
temperature. Also, it indicated that higher intensities of ultrasound were effective 
when a shorter period of irradiation was used, while lower intensities only resulted in 
nucleation when longer irradiation duration was applied. This phenomenon was in 
accordance with the result found by Kiani et al. (2012a) 
4. Conclusions  
The effect of ultrasound irradiation duration, temperature and ultrasound 
intensity on the nucleation and delays in radish cylinder samples was studied. Results 
showed that the nucleation temperature was higher, compared to non-ultrasound 
application; thus the ultrasound can induce nucleation. when ultrasound was applied 
for 7 s duration with the intensity of 0.26 W/cm2, the nucleation temperatures was a 
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function of irradiation temperatures with a linear trend within the studied temperature 
range (from -0.5 to –2 °C). In addition, it also indicated that ultrasound can trigger ice 
nucleation with high repeatability. These results could be of great value in the 
freezing industry and other related processes due to the stochastic phenomenon of 
nucleation and its difficult control. 
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Fig.1. Schematic diagram of the freezing equipment. 
(1. Immersion freezing tank 2. Sample cage 3. Sample 4. Type K thermocouples 5. 
Temperature controller 6. Ultrasound transducers 7. Ultrasound generator 8. 
Control system of ultrasound 9. Refrigeration units 10.Refrigeration cycle 
system 11. Pump 12. Control panel) 
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Fig.2. Freezing curve of radish cylinder without ultrasound irradiation. 
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Fig.3 Effect of ultrasound application onset temperature for 7 s at 0.26 W/cm2 on the 
nucleation temperature (a), nucleation temperature versus ultrasound 
application onset temperature (b) and delay from application to nucleation (c) 
of radish cylinders. Arrows and boxes indicate the ultrasound application 
trigger points and nucleation temperature, respectively. Different lowercase 
superscript letters (a–c) represent significant differences of delays under 
different ultrasound application onset temperatures (p<0.05); 
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Fig.4. Effect of different ultrasound irradiation durations under -0.5 °C and 0.26 
W/cm2 on the freezing curves of radish cylinders and the coolant temperature 
near the samples in the cage; Arrows indicate the nucleation temperature. 
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Fig.5. Effect of ultrasound irradiation at -0.5 °C for different durations at different 
intensities on the nucleation temperature (a) and delay from application to 
nucleation (b) of radish cylinders. The different lowercase superscript letters (a 
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–d ) in the same ultrasound intensity indicate significant differences with 
different durations (p<0.05). The different capital superscript letters (A –D ) in 
the same duration indicate significant differences with different ultrasound 
intensities (p<0.05). 
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Highlights 
Bullet point 1: Ultrasound-assisted immersion freezing of radish cylinders on 
nucleation was studied. 
Bullet point 2: A good linear relationship between nucleation temperature and 
ultrasound application onset temperature was observed. 
Bullet point 3: Power ultrasound facilitated the nucleation effectively. 
Bullet point 4: Ultrasound treatment (-0.5 °C, 7 s, 0.26 W/cm2) was optimal 
conditions for the nucleation of radish cylinders. 
